Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 8603-8608, July 1999
Immunology

Cytotoxic T lymphocyte antigen-4 (CTLA-4) regulates primary
and secondary peptide-specific CD4* T cell responses

(CD152/inhibitory costimulation /homeostasis /tolerance)

CYNTHIA A. CHAMBERS, MICHAEL S. KUHNS, AND JAMES P. ALLISON*

Howard Hughes Medical Research Institute, Cancer Research Laboratory, Department of Molecular and Cellular Biology, University of California,

Berkeley, CA 94720

Contributed by James P. Allison, May 27, 1999

ABSTRACT CTLA-4-deficient mice develop a fatal lym-
phoproliferative disorder, characterized by polyclonal expan-
sion of peripheral lymphocytes. To examine the effect of
restricting the CD4* TCR repertoire on the phenotype of
CTLA-4-deficient mice and to assess the influence of CTLA-4
on peptide-specific CD4* T cell responses in vitro, an MHC
class Il-restricted T cell receptor (AND TCR) transgene was
introduced into the CTLA-4~/~ animals. The expression of the
AND TCR transgene by CD4* T cells delays but does not
prevent the lymphoproliferation in the CTLA-4-/~ mice. The
CD4* T cells become preferentially activated and expand.
Interestingly, young AND TCR* CTLA-4~/~ mice carrying a
null mutation in the rag-1 gene remain healthy and the T cells
maintain a naive phenotype until later in life. We demonstrate
that CTLA-4 regulates the peptide-specific proliferative re-
sponse generated by naive and previously activated AND
TCR* RAG~/~ T cells in vitro. The absence of CTLA-4 also
augments the responder frequency of cytokine-secreting AND
TCR* RAG™/~ T cells. These results demonstrate that
CTLA-4 is a key regulator of peptide-specific CD4* T cell
responses and support the model that CTLA-4 plays a differ-
ential role in maintaining T cell homeostasis of CD4% vs.
CD8* T cells.

Optimal T cell activation requires two signals, one via the T cell
receptor (TCR) and the second via costimulatory molecules.
The primary positive costimulatory molecule for T cell acti-
vation is CD28 (1). CD28-mediated costimulation functions to
facilitate and sustain T cell-proliferative responses (1-3).
Conversely, recent studies indicate that CD28 homologue
CTLA-4 inhibits T cell responses (4). CTLA-4-mediated co-
stimulation inhibits T cell-proliferative and cytokine responses
in vitro, and blockade of CTLA-4/ligand interaction enhances
T cell responses in vivo (4). Although CD28 and CTLA-4 share
common ligands, namely CD80 (B7.1) and CD86 (B7.2), it
appears that CTLA-4 does not function simply to counteract
CD28-mediated costimulatory signals; rather, accumulating
evidence indicates that CTLA-4 may directly modulate prox-
imal TCR signaling (5-11).

CTLA-4-deficient mice die at 3—4 weeks of age as a result
of a lymphoproliferative disorder caused by polyclonal T cell
expansion (12-14). Peripheral CD4" T cells are primarily
responsible for the lymphoproliferative disorder in CTLA-
4=/~ mice expressing an unmanipulated TCR repertoire (15).
Mice depleted of CD8* T cells from birth by antibody treat-
ment develop a lymphoproliferative disorder similar in onset
and severity to unmanipulated CTLA-4~/~ mice, whereas
lymphoproliferation does not occur in CTLA-4~/~ mice de-
pleted of CD4* T cells from birth. Moreover, the CD8" T cells
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in these animals maintain a naive phenotype. These results
suggest that CTLA-4 has differential effects on the CD4* vs.
the CD8™" T cells in vivo.

The nature of TCR-ligand interaction that initiates the
lymphoproliferation and the extent to which individual naive
CD47" T cells become dysregulated by the absence of CTLA-4
in vivo is unknown. Based on the phenotype of the CTLA-4~/~
mice, we proposed (15, 16) that CTLA-4 may provide an
inhibitory signal that prevents CD4" T cell activation during
the continuous interaction of TCR and MHC that is shown to
be required for T cell survival (17-21). Further, we have
proposed a two-signal model for T cell activation in which T
cell responses are regulated by the dynamic integration of
TCR, CD28, and CTLA-4 signals (14). To test these models
and to determine antigenic peptide reactivity of naive T cells
in the absence of CTLA-4, we have initiated studies using
MHC class I or class II-restricted TCR transgenic CTLA-4~/~
mice.

The role of CTLA-4 in regulating homeostasis and antigen
reactivity of CD8* T cells has been examined in three different
MHC class I-restricted TCR transgenic mouse strains (21-23).
CTLA-47/~ mice expressing MHC class I-restricted TCR
transgenes remain healthy for several months but eventually
develop a lymphoproliferative disorder, apparently initiated by
activation of the normally small population of CD4" T cells
present in these animals (22, 23). The CD8" TCR transgenic
CTLA-4-/~ T cells maintain a naive phenotype in these
animals (23, 24). The magnitude and the kinetics of the
peptide-specific proliferative and cytokine responses by naive
CD8* peptide-specific responses are equivalent between the
CTLA-4-/~ and littermate control T cells (23, 24), but there
is a dramatic increase in the magnitude of secondary peptide-
specific responses by 2C TCR* CD8"* CTLA-4~/~ compared
with wild-type T cells (23).

In this report we examine the effects of the CTLA-4 null
mutation on the development and function of T cells express-
ing an MHC class Il-restricted TCR. The CTLA-4%/~ mice
were crossed to an MHC class II-restricted TCR (AND TCR)
(Vg3V,11) transgenic mouse strain that is selected on MHC
class 1T A® molecules and specific for pigeon cytochrome ¢
(PCCss_104) in the context of I-E¥ (25), to generate CTLA-4-
deficient AND TCR transgenic mice (AND TCR* CTLA-
47/7). Further, we introduced a RAG null mutation in these
mice to generate AND TCR*RAG~/~ CTLA-4~/~ mice that
express only the transgenic TCR. We demonstrate that al-
though there is a delay in the onset, AND TCR* CTLA-4~/~
mice develop a fatal lymphoproliferative disorder mediated
primarily by activated CD4™" T cells whereas the minor CD8*
population present in these mice maintain a naive phenotype.

Abbreviations: AND TCR, MHC class II-restricted T cell receptor;

APC, antigen-presenting cell; ELISPOT, enzyme-linked immunospot
assay; CTLA-4, cytotoxic T lymphocyte antigen-4.

*To whom reprint requests should be addressed at: 447 LSA, Uni-
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uclink4.berkeley.edu.



8604 Immunology: Chambers et al.

Interestingly, CD4* T cells in young AND TCR* RAG~/~
CTLA-4~/~ mice were not activated, and these mice remained
viable. These naive CD4" CTLA-4~/~ AND TCR* T cells
consistently exhibited an increase in the magnitude of the in
vitro primary and secondary peptide-specific proliferative re-
sponse compared with the CTLA-4*/~ littermate controls.
There also was an increase in the frequency of responding T
cells, as measured by cytokine production. These findings
indicate that CTLA-4 functions to regulate the magnitude of
antigen-specific T cell responses by CD4" T cells. Moreover,
the results further strengthen the notion of a differential role
of CTLA-4 in naive CD4 and CDS8 T cells. The implications of
the results on the integrative two-signal model of T cell
activation are discussed.

METHODS AND MATERIALS

Mice. CTLA-4*/~ mice (26) were backcrossed six times to
C57BL/6 before being crossed to B6 AND TCR transgenic
mice (25). AND TCR* CTLA-4"/~ mice were intercrossed to
obtain TCR transgenic CTLA-4*/**/~ and CTLA-4/-
animals. Animals were genotyped for the ctla-4 gene mutation
by PCR and for the TCR transgene by flow cytometry of
peripheral blood lymphocytes. Mice were backcrossed further
to B6 RAG-17/~ (ref. 27; The Jackson Laboratory). Animals
were maintained in microisolators in accordance with the
Animal Care and Use Regulations, University of California,
Berkeley.

Medium and Reagents. Medium was prepared as described
(15). Recombinant human IL-2, 3-amino-9-ethylcarbazole
(AEC) substrate, and streptavidin-horseradish peroxidase
(HRPO) were obtained from Cetus, Sigma, and Jackson
ImmunoResearch, respectively. Peptides PCCsg_104 (28) and
MCCos-103 (29) were synthesized by solid-phase synthesis
(Cancer Research Laboratory, Univ. of California Berkeley).

mAbs used were anti (a)-CD4-TC, «CD44-PE, H57-biotin,
aCD69-FITC, aCD25-FITC, aCD62L-PE, aCD45RB-FITC,
aVall-FITC/PE, aVB3-biotin, R46A2, and XMG1.2-biotin
(all from PharMingen), aCD8a-TC, streptavidin-TC, and
streptavidin-PE (Caltag, South San Francisco, CA), and
aCD4-613 and aCD8-613 (GIBCO).

Immunofluorescence Staining and Flow Cytometry. Sam-
ples from single cell suspensions from the lymph nodes and
spleen were prepared as described (15). The samples were run
on an XL (Coulter), and 40,000 events gated on live cells were
collected. The files were analyzed by using ELITE and WINMD
software. Data are displayed as four logarithmic histograms or
dotplots.

Proliferation Assays and ELISA. LN cells from AND TCR*
RAG~/~CTLA-4~/~and littermate controls were isolated and
were routinely >96% VB3*Vall® AND TCR* T cells. LN
cells were stimulated (2 X 10* cell per well) with irradiated L
cells transfected with I-E¥ [antigen-presenting cell (APC); ref.
30]. The L cells were sorted to obtain a stable cell line
expressing high homogenous levels of I-EX and low levels of
endogenous B7.1. The plates were incubated for 96 hr and had
been pulsed with [*H]thymidine (Amersham Pharmacia; 1
wnCi/well) 12-14 hr before harvesting. In some experiments,
supernatants were removed before pulsing and assayed on
cytokine-specific ELISAs, as described (31). LN cells and
splenocytes were stimulated (3 X 10° cell per well) with
irradiated APC plus PCCss_104 (5 M) and expanded for 7-10
days with rhIL-2 (10 units/ml). The cells were collected,
reisolated, and used in proliferation assays and/or enzyme-
linked immunospot (ELISPOT) assays. All cells assayed were
AND TCR* CD44M after stimulation in vitro.

ELISPOT. ELISPOT analysis was performed as described
(32). Briefly, LNT cells from AND TCR* RAG/~CTLA-
4=/~ and littermate control mice were plated at the indicated
dilutions in 96-well plates (HA-Millipore) coated with anti-
IL-4 antibody (5 ng/ml) and stimulated with irradiated APC
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(5 X 10* cell per well) plus rhIL-2 (50 units/ml) = peptide for
22 or 36 hr. The plates were washed and incubated overnight
at 4°C with biotinylated anti-IL-4 antibody (5 ug/ml). The
plates were washed and incubated with streptavidin-HRPO
(1:1,000), and washed again, and AEC substrate was added and
developed for 15 min. The spots were scored by using a
dissecting microscope. No cytokine-specific spots were de-
tected in wells with T cells only or with APC in the absence of
specific peptide. All of the AND TCR™ RAG/~ T cells,
independent of the CTLA-4 genotype, become activated by
day 5 after stimulation under the conditions used in ELISPOT
assays, as determined by carboxyl-fluorescein diacetate suc-
cinimidyl ester labeling and CD44 up-regulation (data not
shown).

RESULTS

Phenotype of the AND TCR* CTLA-4-/~ Mice. The
CTLA-4 mutation was introduced into AND TCR* mice and
the mice were analyzed at 4-8 weeks of age. The expected
skewing toward CD4* T cells was observed in the AND TCR™
CTLA-4*/* or CTLA-4*/~ (AND TCR* CTLA-4*) mice, and
>90% of the lymph node T cells expressed high levels of the
VB3 and Vall TCR transgene (Fig. 14). In the absence of
CTLA-4, there was a dramatic effect on the number and
phenotype of the cells in AND TCR ™ mice. Although the onset
was delayed compared with CTLA-4=/~ animals with an
unmanipulated TCR repertoire, the lymphoproliferation was
readily apparent at 1 month of age and the animals died at
approximately 8-12 weeks of age, a delay of 5-8 weeks
compared with CTLA-4~/~ mice expressing an unmanipulated
TCR repertoire. There was an increase of >10-fold in the
absolute number of CD4* lymph node T cells (Fig. 2),
including the AND TCR™ T cells and the lymph node T cells
expressing endogenous TCR chains (CD3* H577VB3'° and/or
Vall': >50-fold increase) (Figs. 1.4 and 2) in the CTLA-4~/~
animals compared with the CTLA-4" littermate controls.

Most of the CD4™* T cells in the AND TCR* CTLA-4" mice
had a naive phenotype and were CD44!°, MEL14" CD45RB"
(Fig. 1B). In contrast, virtually all of the CD4" T cells in the
AND TCR* CTLA-4~/~ mice, including the AND TCR™* and
T cells expressing endogenous TCR chains, had an activated
phenotype and were CD69 ", CD44M, CD62L"°, and CD45RB©
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Fic. 1. CD4" T cells become activated in AND TCR™" mice in the
absence of CTLA-4. Representative flow cytometry data of the lymph
node cells from AND TCR* CTLA-4-/~ and littermate control
animals. The expression of AND TCR transgene (4) and the pheno-
type of the CD4* lymph node T cells (B) from an 8-week-old AND

TCR* CTLA-4~/~ mouse and littermate control. The absolute num-
ber of the CD4" T cells is indicated.
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F1G. 2. Absolute cell number of CD4* T cells expressing AND
TCR™" and endogenous TCR chains increase in CTLA-4-deficient
animals. Single cell suspensions were prepared from the spleen and
lymph nodes and stained for CD4 and V33, Vall, and the absolute
number of each subpopulation was determined. Each dot represents
asingle animal. AND TCR* CTLA-4*/*>*/= n = 6 (<); CTLA-4~/~,
n=>5(®).

(Fig. 1B). The activated phenotype was observed by 4 weeks of
age, the earliest time analyzed.

There was a small population (1-3%) of TCRap™ (H57")
CD8* T cells in the lymph node of CTLA-47 littermate control
and CTLA-4~/~ AND TCR* mice (Fig. 14). Virtually all of
the CD8" T cells expressed the VB3 TCR transgene, and
routinely one-third to one-half of the CD8* T cells expressed
Vall of the AND TCR (Fig. 34). The absolute number of
CD8" T cells eventually did increase in the AND TCR™*
CTLA-4~/~ animals (AND TCR* CTLA-4+,0.73 + 0.6 X 10°,
n = 6; AND TCR* CTLA-4/~,4.6 = 3.2 X 10% n = 4), but
they continued to decrease as a percentage of T cells in the
lymph node and spleen. Further, the CD8" T cells displayed
a relatively naive phenotype that was indistinguishable be-
tween the CTLA-4-deficient and littermate control animals
(Fig. 3B). This occurred despite the expression of endogenous
TCR chains and the availability of CD4"-mediated T cell help.

AND TCR* CTLA-4=/~ RAG™/~ LNT Cells Maintain a
Naive Phenotype in Young Animals. To examine the effect of
restricting the TCR repertoire, the null mutation in RAG-1
(27) was introduced into the AND TCR* CTLA-4"/~ mice to
obtain CTLA-4~/~ and CTLA-4" AND TCR* RAG~/~ mice.
Unlike their RAG™ counterparts, T cells from AND TCR™
CTLA-4~/~ RAG™/~ mice express a single TCR complex.
There was a noticeable (but not statistically significant) dif-
ference in the total number of AND TCR* T cells in the lymph
node of the CTLA-47/~ and littermate mice (AND TCR*
CTLA-4* RAG™/~, 7.0 = 3.8 X 10° n = 17; AND TCR*
CTLA-4~/~ RAG /7,14 £ 7.5 X 10° n = 7; ages 4-9 weeks).
Further, the T cells maintained a naive phenotype in the
absence of CTLA-4 and had TCR levels equivalent to the
littermate controls (Fig. 4). Preliminary data suggest that the
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FiG.3. CD8* T cells do not become activated in AND TCR™* mice
in the absence of CTLA-4. Shown are representative flow cytometry
data of the AND TCR transgene (4) and the phenotype (B) of CD8"
lymph node cells from AND TCR* CTLA-4~/~ and littermate control
mice shown in Fig. 1. The absolute number of the CD8* T cells is
indicated.
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FI1G. 4. CD4" AND TCR* CTLA-4~/~ RAG-1-/~ T cells do not
become activated in vivo. Shown are representative flow cytometry
data of lymph node CD4* AND TCR* CTLA-4*/~ and CTLA-4—/~
T cells that are RAG-17/~ (7 weeks old). The absolute number of
AND TCR* RAG~/~ T cells is indicated. The average numbers of
lymph node T cells in these animals are: AND TCR* CTLA-4*
RAG™/7,7.0 3.8 X 10%n = 17, AND TCR* CTLA-4~/~ RAG~/~,
14 =75 %105 n = 7.

CD4" T cells eventually do become activated in aged AND
TCR" CTLA-4~/~ RAG™/~ mice (unpublished result). It
remains to be determined whether the delay in the onset of T
cell activation and absence of rampant lymphoproliferation in
these animals is caused by the monoclonality of the TCR
repertoire and/or unique lymphoid organ architecture in
RAG™/~ mice as a result of the absence of B cells.

Primary and Secondary Antigen-Specific Proliferative Re-
sponses by CD4* AND TCR* RAG~/~ T Cells Are Greater in
the Absence of CTLA-4. Because almost all of the AND TCR*
T cells in the RAG* CTLA-4-deficient mice become activated
in vivo, it is not possible to compare the peptide-specific
responses of the naive T cells from the CTLA-4-deficient and
littermate animals. However, naive AND TCR™* T cells could
be obtained from young AND TCR* RAG~/~ CTLA-4~/~
mice and were used to assess the effects of the absence of
CTLA-4 on peptide-specific responses in vitro. Representative
data of the primary proliferative response to peptides PCCgg_
104 and MCCo;3_103 presented by I-EX* B7.1° L cells (APC) are
shown in Fig. 5. The AND TCR* RAG~/~ CTLA-4" T cells
generate a response to PCCgg_194 over a range of 0.5 to 50 uM
(Fig. 54), as reported previously (33). The response to PCCgg_
104 by AND TCR* RAG~/~ CTLA-4~/~ T cells was similar to
littermate control T cells at lower peptide concentrations;
however, there was a small but consistent 1.5- to 2-fold increase
in the magnitude of the proliferative response by the CTLA-
4-deficient T cells at the highest peptide concentrations (Fig.
5A). Similar results were obtained with MCCys_1¢3, although
the minimal peptide concentration required to generate a
measurable proliferative response was higher (2.5 uM;
Fig. 54).

To examine the effect of the absence of CTLA-4 on the
magnitude of the secondary peptide-specific response by naive
CD4* T cells, AND TCR* RAG™/~ CTLA-47/~ and litter-
mate control LNT cells were stimulated with PCC (5 uM) and
APC and expanded with IL-2 (15 units/ml) in vitro for 7-10
days. The cells then were harvested, ficolled to remove debris,
and restimulated. Restimulation of the AND TCR* RAG™/~
CTLA-47" littermate control cells with PCCgg_194 or MCCo3_103
generated a more robust response compared with the primary
response, and there was routinely a 2- to 3-fold shift in the
dose-response curve (maximal proliferation occurring at 0.05—
0.5 uM compared with 5-50 uM in the primary response),
demonstrating a typical secondary response (Fig. 5B). Most
interestingly, in the absence of CTLA-4, the AND TCR™
RAG /~ T cells generated a greater peptide-specific second-
ary response compared with the littermate controls (Fig. 5B).
There was not, however, a greater response by the CTLA-4~/~
T cells at peptide concentrations to which the CTLA-4-
littermate control mice did not respond, suggesting that below
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Fic. 5. Primary and secondary proliferative responses by AND
TCR* RAG™/~ T cells are greater in the absence of CTLA-4. (4)
Naive AND TCR* RAG~/~ CTLA-4-deficient and littermate control
lymph node T cells were isolated and stimulated (2 X 10* cell per well)
with irradiated I-EX-transfected L cells (2 X 10* cell per well) and
pigeon or moth cytochrome ¢ (PCCgs_104 and MCCos_103, respective-
ly). (B) Secondary response. AND TCR* RAG/~ T cells from
CTLA-4~/~ and littermate control animals were expanded in vitro as
described in Methods and Materials. The cells were collected, ficolled,
and restimulated with PCCgg_194 or MCCoy3_103 as described above.
These are representative data of at least three experiments.

a certain level of TCR occupancy, the magnitude of the
response is not influenced by CTLA-4.

Increase in the Responder-Precursor Frequency During the
Peptide-Specific Response in the Absence of CTLA-4. Another
measure of T cell responsiveness is the ability to synthesize and
secrete cytokines. To examine whether the absence of CTLA-4
influences the frequency of cytokine-secreting T cells, serial
dilutions of AND TCR™ RAG-1"/~ CTLA-4~/~ and litter-
mate control T cells were stimulated with APC =+ peptide and
the responder frequency was determined by ELISPOT. Using
IL-2-, IFN-v-, and IL-4-specific ELISAs, it was determined
that the AND TCR* RAG~/~ T cells predominantly secrete
IL-4 in response to primary (20 pg/ml; 50 uM peptide) and
secondary (=500 pg/ml; 5 uM peptide) stimulation with
peptides PCC and MCC. ELISPOT assays for IL-2, IFN-+y, and
IL-4 confirmed that IL-4 was the predominant cytokine se-
creted by both the littermate control and the CTLA-4-deficient
T cells. Based on these results, ELISPOT assays to detect IL-4
secretion were performed. Representative data of the fre-
quency of the IL-4 responders to primary stimulation of AND
TCR* RAG™/~ CTLA-4" T cells with MCCoy3_105 (50 uM)
plus APC after 22 or 36 hr of incubation are shown in Fig. 64.
There was a consistently higher responder frequency of T cells
secreting IL-4 in the absence of AND TCR* RAG~/~ CTLA-
4=/~ compared with the littermate control T cells (Fig. 6A4).
Stimulation with PCCgs_104 yielded similar results (approxi-
mately 1:1,000 and 1:600 IL-4 secretors after 36-hr stimulation
of naive AND TCR* RAG-1"/~ control and CTLA-4=/~ T
cells, respectively). The frequency of T cell responders was
increased dramatically and required lower peptide concentra-
tions upon restimulation of previously activated AND TCR™*

Proc. Natl. Acad. Sci. USA 96 (1999)
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F16.6. Frequency of AND TCR™ T cells secreting IL-4 in response
to primary and secondary PCC stimulation in vitro is increased in the
absence of CTLA-4. (A) Naive AND TCR* RAG~/~ T cells were
stimulated in vitro with I-EK* B7° L cells plus MCCos_103 at the
indicated cell number on plates coated with anti-IL-4 antibody, as
described in Methods and Materials. After incubation for 22 (a) or 36
(b) hr, the plates were developed and scored for IL-4 secretion. (B)
Previously activated AND TCR* RAG~/~ T cells were stimulated
with MCC93_103 (5 or 0.5 ;LM) or PCC33_104 (0.5 MM) plus APC for 36
hr as described above. These are representative data of at least five
experiments.

RAG~/~ control and CTLA-4=/~ T cells with either PCCgsg_104
or MCCoys 193 (Fig. 6B). Further, the frequency of T cell
responders was 3- to 4-fold higher in the absence of CTLA-4
at most input cell doses (Fig. 6B). In some experiments the
frequency of the responders was as high as 1 in 5 for littermate
and 1 in 2 of CTLA-4~/~ T cells plated (data not shown).

DISCUSSION

In this report we describe the influence of CTLA-4 on T cell
homeostasis and antigen responsiveness in CTLA-4~/~ mice
expressing an MHC class Il-restricted TCR transgene. The
results indicate that (7) the TCR repertoire of the CD4™ T cells
influences the manifestation of the CTLA-4 null phenotype in
vivo; (if) CTLA-4 regulates the magnitude of naive and pre-
viously activated CD4" T cell responses; and (iii) CTLA-4
differentially affects CD4" vs. CD8" T cell subsets.

CTLA-4 Regulates the Magnitude of the Peptide-Specific
Response by Monoclonal T Cells. The absence of CTLA-4
results in an increase in the magnitude of primary and, to a
greater degree, secondary responses of peptide-specific CD4*
T cells in vitro (Fig. 5). This observation is consistent with the
hypothesis that CTLA-4 functions to attenuate T cell re-
sponses. In both the primary and secondary stimulations, the
greater response by the CTLA-4-deficient T cells occurs at
peptide concentrations that generate a detectable proliferative
response by the littermate control T cells. This result suggests
that under these experimental conditions, the level of TCR
occupancy and not CTLA-4 is limiting T cell activation at the
lowest peptide concentrations. It is possible that some thresh-
old level of TCR stimulation is necessary for the up-regulation
of CTLA-4 to functionally relevant levels that then could
inhibit the TCR and/or the CD28-mediated signals. This result
is observed with the two strong agonist peptides used in these
experiments. It will be important to determine whether alter-
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ing the strength of the TCR signal by stimulation with weak
agonists or inhibition of T cell activation by antagonist pep-
tides modulates the role of CTLA-4 in regulating T cell
responses. Further, the regulation of the T cell response by
CTLA-4 may vary when higher levels of ligand for CTLA-4/
CD28 and/or the LFA-1 ligand intercellular adhesion mole-
cule-1 are available.

CTLA-4 Regulates the Frequency of Responding Peptide-
Specific T Cells. An increase in the frequency of responding
naive and previously activated CD4" T cells in the absence of
CTLA-4, as measured by cytokine secretion, was observed.
This was detectable as early as 22 hr after stimulation (Fig. 5;
earliest time tested). The increase in the frequency of respond-
ers in the absence of CTLA-4 may arise because of a higher
frequency of activated T cells that produce cytokine in CTLA-
4-deficient T cells and/or the CTLA-4~/~ T cells exhibit more
rapid kinetics for cytokine synthesis and secretion than normal
T cells. Regardless of the mechanism, these results clearly
demonstrate that the absence of CTLA-4 can influence T cell
responses occurring within the first 24 hr of activation of naive
CD4™" T cells and support the model that CTLA-4 plays a role
in regulating the initiation of T cell responses (14).

It recently has been suggested that multiple cell divisions are
required for the synthesis of IL-4 (34, 35). In this study IL-4
secretion was detected 22 hr after activation of the naive T cells
from either the littermate control or CTLA-4~/~ AND TCR*
RAG /= T cells, before detectable T cell division (as deter-
mined by membrane labeling with carboxyl-fluorescein diace-
tate succinimidyl ester; data not shown). This result suggests
that cell division is not an absolute requirement for the
synthesis and secretion of IL-4. The disparity between these
results and previous reports may be related to the genetic
background of the animals, the stimulation conditions used in
vitro, and/or different levels of sensitivity of the assays used to
detect cytokine production.

CTLA-4 Deficiency Has a Differential Effect on CD4* and
CD8™* T Cells. Previously we proposed that CTLA-4 deficiency
has a differential effect on CD4* compared with CD8" T cells
in young mice with an unmanipulated TCR repertoire (15).
The results presented here and elsewhere (22, 23) clearly
demonstrate that the absence of CTLA-4 has differential
effects on CD4" and CD8* T cells in animals expressing MHC
class II- and class I-restricted TCR repertoires. First, the
CTLA-4=/= CD4* T cells expressing an MHC class 1I-
restricted TCR transgene become activated in the absence of
nominal antigen stimulation, whereas CD8" CTLA-4~/~ T
cells expressing MHC class I-restricted TCR transgenes main-
tain a naive phenotype and do not expand until the normally
small CD4" T cell population in the transgenic mice expands
(23, 24). In MHC class I-restricted 2C TCR transgenic mice
there is a small population (3-5%) of CD4™" T cells expressing
the transgenic TCR and/or endogenous TCR chains. This
“nonselected” population of CD4" T cells becomes activated
in the absence of CTLA-4, expanding dramatically as a per-
centage and in absolute number, and mediates the lympho-
proliferative disorder in the MHC class I-restricted 2C TCR™
CTLA-4~/~ animals (23). A similar expansion of CD4" T cells
was seen in lymphocytic choriomeningitis virus-specific or
HY-specific transgenic CTLA-4~/~ mice (22). In contrast,
CD8* T cells in the AND TCR* CTLA-4~/~ mice did not
undergo dramatic activation and expansion. This occurred
despite the fact that at least one-third of the CD8" T cells
express endogenous TCRa and/or TCRp chains (Fig. 34).
These results are consistent with the notion that the absence
of CTLA-4 differentially affects CD4* and CD8* T cells in
vivo.

The lack of CD8" T cell activation in the CTLA-4~/~ mice
in the absence of CD4" T cells or in the MHC class II-
restricted TCR transgenic mice does not mean, however, that
CTLA-4 does not regulate CD8" T cell responses. We have
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demonstrated previously that there was an increased response
in vitro upon secondary stimulation of CD8" 2C TCR™ T cells
that have been activated previously in vitro or in vivo (23).
Thus, the activational history of both CD4* and CD8* T cells
influences the regulation of T cell responses by CTLA-4. At
least two mechanisms can be invoked to explain this observa-
tion. First, previously activated T cells may express higher
levels of CTLA-4. Recently, it was demonstrated that CD4+ T
cells that have been activated previously in vivo express a basal
level of CTLA-4 ex vivo and that CTLA-4 is up-regulated more
quickly and to higher levels upon restimulation in vitro in these
cells compared with naive CD4" T cells (36). However, the
functional significance of different levels of CTLA-4 expres-
sion is not yet clear. CTLA-4 crosslinking on T cell clones has
been shown to have the same functional consequences despite
vastly different levels of CTLA-4 expressed by different clones
(37). Second, the functional consequences of CTLA-4 ligation
may be more apparent in the secondary response, because
previously activated CD4" and CD8™" T cells have a decreased
requirement for CD28-mediated costimulation (38). Alterna-
tively, primary T cell activation in the absence/presence of
CTLA-4 ligation may cause a differentiative or qualitative
change, thereby altering T cell responses to subsequent stim-
ulations. This might occur in both CD4* and CD8* T cells
during primary stimulation but may be quantifiable in the
CD8* T cells only upon restimulation.

Phenotype of CTLA-4~/~ Mice Is Altered When the TCR
Repertoire Is Restricted. Restriction of the TCR repertoire by
the introduction of an MHC class II-restricted TCR transgene
alters the onset of the lymphoproliferation (Fig. 2) observed in
CTLA-4~/~ mice. There are several explanations for these
results. First, restriction of the TCR repertoire might decrease
the frequency of overtly autoreactive T cells in the periphery
of the CTLA-4-deficient animals by altering parameters of
selection. However, thymocyte development appears normal
before massive peripheral T cell lymphoproliferation in
CTLA-4=/~ mice (26), and no defects in thymocyte selection
have been observed to date in MHC class I- or Il-restricted
TCR transgenic CTLA-4~/~ mice (ref. 22; C.A.C., unpub-
lished result). Second, because the TCR repertoire in the TCR
transgenic mice presumably is capable of interacting with only
a restricted set of self-MHC/self-peptide and/or environmen-
tal antigen ligands, it may simply statistically take longer for
the T cells expressing a particular TCR to become activated
and accumulate in the CTLA-4~/~ mice. Finally, the AND
TCR* T cells may become activated via a second TCR
containing endogenous «- or B-chains that arise because of the
infidelity of allelic exclusion of the TCRa genes and, to a lesser
extent, TCRP genes (39-41) and subsequently down-regulate
the TCR transgenes.

We have suggested previously that CTLA-4 may prevent the
activation of CD4* T cells during the continuous interaction
with self-MHC known to be necessary for T cell survival
(15-21). The observation that the young AND TCR* CTLA-
4=/~ mice carrying a null mutation in the rag-1 gene fail to
develop a lymphoproliferative disorder and the T cells main-
tain a naive phenotype seemingly appears to be inconsistent
with this model. However, this result has two important
caveats. The AND TCR* RAG~/~ CTLA-4~/~ mice analyzed
in these experiments were <10 weeks old. Preliminary data
demonstrating that the majority of the T cells in aged (11
months) AND TCR* RAG~/~ CTLA-4~/~ mice but not the
CTLA-4* littermate display an activated phenotype (CD69%,
CD44h, CD62L"°; C.A.C., unpublished result) support our
model. This result also indicates that T cells expressing two
TCRs, shown to be critical in some models of autoimmunity
(42), are not required for the activation of CTLA-4-deficient
T cells. Alternatively, the activation of the CTLA-4~/~ T cells
expressing a monoclonal repertoire may be delayed because of
effects of the RAG™/~ background not associated with T cell
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monoclonality. These mice also lack B cells and have an altered
lymph node and splenic architecture. Normal lymphoid organ
architecture may be important to facilitate, for example, the
interactions between the T cells and the B and/or dendritic
cells, leading to the activation of the CTLA-4~/~ T cells. This
also may account for the relatively moderate accumulation of
the T cells in the aged AND TCR* RAG~/~ CTLA-4~/~ mice,
despite >70% of the T cells having an activated phenotype
(unpublished data). Introduction of a null mutation in the
TCRa locus did not prevent lymphoproliferation in AND
TCR™* CTLA-4~/~ mice (unpublished result), suggesting that
the lymphoid microenvironment may be important. Adoptive
transfer of AND TCR* RAG~/~ CTLA-4~/~ and littermate
control T cells into mice with normal lymphoid architecture
and introduction of mutations in both the TCRa and TCRp
loci into the AND TCR* CTLA-4~/~ mice will distinguish
between these possibilities and elucidate the basis for the
lymphoproliferative disorder.

Implications for T Cell Homeostasis. The size and TCR
diversity of peripheral pools of naive and memory T cells
remain amazingly stable throughout the lifetime of an animal
(reviewed in ref. 43). This occurs despite the continuous
ligation of TCR necessary for T cell survival and the dramatic
expansion and contraction of antigen-specific T cells during
the generation and resolution of immune responses. It has
been demonstrated recently that the magnitude of the T cell
expansion in the primary immune response has a critical
impact on the generation of the effector and memory T cell
populations (32, 44). Thus, seemingly small increases in the
magnitude of a primary T cell response, such as observed with
the AND TCR* CTLA-4=/~ T cells in vitro, may have a
profound impact on the magnitude of secondary or memory
responses in vivo. The nature of primary T cell activation also
can greatly influence the resultant responses (45-47); thus,
alterations in T cell priming may have dramatic consequences
for peptide-specific T cell responses in vivo.

These results demonstrate that CTLA-4 is a key regulator of
peptide-specific CD4* T cell responses and suggest that
CTLA-4 may play an important role in regulating memory T
cell responses. Elucidating the influence of positive vs. inhib-
itory costimulatory signals on different T cell subsets, such as
CD4+ vs. CD8" T cells and naive vs. memory and/or effector
T cells will be important for understanding the role of CTLA-4
in establishing the threshold for T cell activation, tolerance,
and maintaining T cell homeostasis. Further, elucidation of the
relationship between the levels of TCR occupancy, positive
costimulation, and the integration of the signaling pathways
will facilitate the manipulation of these responses for immu-
notherapy.
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